We report on the spin-driven multiferroic property and magnetoelectric effect in the lately synthesized compound BaYFeO 4 . Due to its peculiar crystal structure, the system exhibits complex magnetic phases with multiple transitions. The dielectric and pyroelectric measurements evidence a spin-driven multiferroic state raised by the cycloidal spin structure below T 1 ¼ 36 K. Strong magnetoelectric effect has also been observed in the multiferroic state. The origin of noncollinear cycloidal spin structure in BaYFeO 4 is believed to arise from the interactions between low-dimensional magnetic columns. 
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Jun-Zhuang Cong, Shi-Peng Shen, Yi-Sheng Chai, Li-Qin Yan, Da-Shan Shang, Shou-Guo Wang, and Young Sun We report on the spin-driven multiferroic property and magnetoelectric effect in the lately synthesized compound BaYFeO 4 . Due to its peculiar crystal structure, the system exhibits complex magnetic phases with multiple transitions. The dielectric and pyroelectric measurements evidence a spin-driven multiferroic state raised by the cycloidal spin structure below T 1 ¼ 36 K. Strong magnetoelectric effect has also been observed in the multiferroic state. The origin of noncollinear cycloidal spin structure in BaYFeO 4 is believed to arise from the interactions between low-dimensional magnetic columns. Multiferroic materials with both magnetic and ferroelectric (FE) orders have drawn significant attention because of the fundamental physics as well as their potential applications for future electronic devices. [1] [2] [3] [4] [5] A large number of multiferroic materials with different physical mechanisms have been discovered or proposed in the past decade. [6] [7] [8] [9] [10] [11] [12] Especially, iron-based oxides have provided an important playground for searching multiferroic materials. In addition to the well-known BiFeO 3 , 13 multiferroics has been found in a variety of iron oxides such as RFe 2 O 4 (R ¼ Lu and Yb), [14] [15] [16] [25] [26] [27] [28] Very recently, a completely new iron oxide, BaYFeO 4 (BYFO), was synthesized and reported. 29, 30 It has a unique orthorhombic crystal structure with Pnma space group. As shown in Fig. 1(a) , Fe 3þ ions locate in two different crystalfield environments such as FeO 5 square pyramids and FeO 6 octahedra. The neighbor FeO 5 pyramid and FeO 6 octahedron share corner oxygen, forming four-membered ring, presented in Fig. 1(b) . The rings then pile along b-axis to shape hollow columns ( Fig. 1(b) ) which are widely separated from each other by non-magnetic Ba and Y atoms, leading to lowdimension magnetic structures. Magnetic studies of BYFO revealed complex magnetic structures with multiple magnetic transitions as a function of temperature. 29, 30 Neutron powder diffraction results suggested that BYFO enters into a spin-density wave (SDW) state at 50 K. 30 With further decreasing temperature, another magnetic transition occurs at 36 K, but its spin structure is controversial. Either another SDW state or a cycloidal spin structure is possible. 30 In this work, we have performed a systematic study of BYFO by magnetic, dielectric, and pyroelectric current measurements. Our experimental results reveal that BYFO is a new type of spin-driven multiferroic system with noticeable magnetoelectric (ME) coupling effect below T 1 $ 36 K. According to the spin-current model, 7 an electric polarization can be induced by the noncolinear cycloidal spin structure. Thus, our study supports a cycloidal spin structure at low temperature in BYFO.
II. EXPERIMENTS
Polycrystalline BYFO samples were synthesized by solid state reaction using stoichiometric amounts of BaCO 3 (99.95%), Y 2 O 3 (99.95%), and Fe 2 O 3 (99.95%). The reactants were grinded and heated at 900 C for 12 h for decarbonation. Then the mixture was reground, pressed into pellets, and heated at 1250 C in air for 24 h. This process was repeated for several times until pure BYFO phase was obtained. The X-ray diffraction pattern was collected by a diffractometer (Rigaku, D/MAX-2000) with Cu-K a radiation at room temperature. As shown in Fig. 1(c) , no impurity phase was found in diffraction data. The crystal structure was refined with Rietveld method, obtaining a Pnma space group with lattice parameters a ¼ 13.148(1) Å , b ¼ 5.6978(5) Å , and c ¼ 10.250(1) Å , consistent with the reported values. 29, 30 The fitting parameters R wp ¼ 3.8% and R p ¼ 2.6% imply the high quality of our samples.
The dc magnetic measurements were performed on a commercial Quantum Design magnetic properties measurement system (MPMS). Dielectric and pyroelectric properties were measured on a homemade setup based on a Cryogen-free Superconducting Magnet System (Oxford Instruments, TeslatronPT). The sample for electric measurements is polished into wide and thin plate covered with silver pastes on both widest surfaces. The dielectric constant e and dielectric loss were measured by using an Andeen Hagerling 2700 capacitance bridge. To perform the pyroelectric current measurements, a poling electric field E ¼ 8 kV/cm was applied during the cooling process. After shorting for half an hour, pyroelectric current was recorded by a Keithley 6517B electrometer with a constant temperature (T) sweep rate of 5 K/min in warming process. The electric polarization (P) was obtained by integrating the pyroelectric current with time. Resistivity q measurement was performed by using Keithley 6517B electrometer. Figure 2 shows the temperature dependence of the dc magnetic susceptibility (v) of BYFO measured under magnetic field of 1 and 7 T, upon the field-cooled (FC) condition in the temperature range from 2 to 300 K. At low T, the magnetic susceptibility shows two obvious magnetic transitions at T 1 ¼ 36 K and T 2 ¼ 50 K, consistent with the previous reports. 29, 30 With increasing magnetic field, the transition at T 2 is nearly unchanged, while the transition at T 1 is apparently suppressed. According to powder neutron diffraction data in Ref. 30 , the transition at T 2 is due to the occurrence of SDW state. It is likely that the SDW state is quite robust so that external magnetic field up to 7 T has little influence on it. The zero-field-cooled (ZFC) magnetic susceptibility shown in the upper inset of Fig. 2 also exhibits two clear peaks at T 1 ¼ 36 K and T 2 ¼ 50 K, marking two magnetic transitions. Below T 1 , the different behaviors between the ZFC and FC magnetic susceptibility indicate that the system is only in short-range or partially magnetic ordering. At high T, the magnetic susceptibility shows an upturn at T 3 $ 200 K, as seen in the enlarged view in the lower inset of Fig. 2 . The rise of magnetic susceptibility above 200 K indicates that BYFO is not in a paramagnetic state up to room temperature, which was also reported in previous studies. 29, 30 We note that the resistivity increases rapidly around T 3 $ 200 K (the lower inset of Fig. 2 ), which suggests that the magnetic anomaly at T 3 is related to an intrinsic magnetic transition rather than magnetic impurities.
III. RESULTS AND DISCUSSION
Dielectric and pyroelectric current measurements have been performed to study the multiferroic property. As seen in Fig. 3(b) , the dielectric constant e measured at 20 kHz shows a clear peak at the magnetic transition temperature T 1 , indicating a spin-driven ferroelectricity in BYFO. The ferroelectric polarization was confirmed by the pyroelectric current measurements. A finite P of $2 lC/m 2 was obtained below T 1 ¼ 36 K shown in Fig. 3(c) , with a polarity depending on the sign of poling E (negative E poling is not shown).
In terms of the spin-current model, 7 P / R e ij Â [S i Â S j ], only noncolinear spiral spin structures could give rise to P. Given the neutron diffraction data reported in Ref. 30 , BYFO should have a cycloid spin structure instead of SDW below T 1 . If P is induced by spiral magnetic structure, an external magnetic field (H) would change the magnetic structure and subsequently P, causing a strong ME effect. The H dependence of e and P is presented in Figs. 3(b) and 3(c) , respectively. The inset of Fig. 3(a) plots the measurement configuration, with applied H vertical to E. All these curves were measured with warming after the FC process. As H increases, both the dielectric constant and electric polarization are suppressed and the transition temperature T 1 moves slightly to lower temperature. P is about 1 order of magnitude smaller under H ¼ 7 T than that in zero field. This result is consistent with the FC magnetic susceptibility in 7 T where the magnetic transition at T 1 is significantly suppressed (Fig. 2) . The observed multiferroics and ME effect strongly indicate that BYFO has a component of cycloidal spin structure below T 1 ¼ 36 K.
As schematically shown in Fig. 4 , the cycloid spin structure has a propagation vector along c axis and lies in bc plane. According to KNB model P / R e ij Â [S i Â S j ], the direction of P is along b axis. We then discuss the possible microscopic origin of the cycloidal spin structure. Usually, the noncollinear spin patterns are a consequence of multiple competing interactions. According to crystal structure of BYFO, the Fe 4 O 18 rings in ac plane form columns propagating along b axis. The Fe 3þ -O-Fe 3þ superexchange path only exists within the columns. As the magnetic columns are separated by nonmagnetic ions, the interactions between them should be relatively weak compared to the superexchange interaction. Then BYFO can be considered as a system of quasi-low-dimensional magnetism. Interestingly, the propagation vector of the cycloidal spin structure is along c axis rather than the magnetic column direction (b axis). This means that the cycloidal spin structure is raised by the interactions between low-dimensional magnetic columns. Moreover, the large discrepancy between the ZFC and FC magnetization suggests that the cycloidal spin chain along c axis is not in a long-range scale but breaks into short-range cycloidal spin clusters.
IV. CONCLUSIONS
In summary, we have verified the existence of spindriven multiferroics and magnetoelectric effect in the newly synthesized iron oxide BYFO. Based on our study, we conclude that the ground magnetic state of BYFO is a partially ordered cycloidal spin structure rather than the SDW. The discovery of spin-driven multiferroics in BYFO implies the promise of low-dimensional magnetism in the search of new multiferroic materials. There are other interesting issues concerning the spin structures of BYFO. As Fe 3þ ions locate in two different crystal-field environments, FeO 5 square pyramid and FeO 6 octahedron, the different environments may induce different spin state and local magnetic moment of Fe 3þ ions. Whether this is related to the cycloidal spin structure is still an open question and deserves further study in the future. 
